Genes encoding superoxide dismutase (SOD : EC 1.15.1 .I) were cloned from Campylobacter jejuni NCTC 11351 and Campylobacter coli UA585 by heterologous complementation of a SOD-def icient Escherichia coli mutant. Deletion analysis of the cloned C. jejuni DNA assigned the sod gene to a 1.2 kb insert and this contained an open reading frame of 660 bp. The deduced gene product of 220 amino acids was 71 O/ O identical to the E. coli iron-containing SOD and 60% identical to the E. coli manganese-containing SOD. The recombinant SOD was expressed at high levels in E. coli and protected a sodA sodB double mutant from the toxic effects of methyl viologen. Nucleotide sequence analysis of the corresponding gene from C. coli showed it to be 92% identical to that from C. jejuni.
INTRODUCTION
Species of the genus Campylobacter are some of the most prevalent pathogens causing acute gastroenteritis in man (AChlSF, 1993; Walker e t al., 1986) . Campylobacters have limited aerotolerance and are widely recognized as being microaerophilic (Hoffman, 1979a, b) . A recent study (Jones e t al., 1993) , however, has suggested the possibility that these organisms are capable of surviving for extended periods in the environment after adaptation to an aerobic metabolism. Prolonged survival of any organism in air necessarily entails mechanisms to eliminate the deleterious effects produced by exposure to superoxide radicals. In this respect, superoxide dismutase (SOD : EC 1 . 1 5 . 1 . l), which is found in almost all organisms exposed to oxygen (Fridovich, 1986) , catalyses the dismutation of superoxide radicals and is thought to form part o f the defence mechanism which protects cells from oxygen toxicity (Fridovich, 1978) . Accordingly, mutants of E.rcherichia coli which are deficient in SOD activity are hypersensitive to conditions of oxidative stress and consequently cannot grow aerobically when cultivated in minimal media (Carlioz & Touati, 1986) . Because of its role in cellular defence against oxidative stress, SOD is also considered to contribute to the pathogenicity of certain intracellular bacterial pathogens since macrophages can kill ingested bacteria by oxidative mechanisms (Haas & Goebel, 1992) . Accordingly, mutants of Shigella jexneri which are deficient in a manganese-containing SOD show decreased survival in macrophages (Franzon e t a/., 1990) .
Studies with other bacterial species have highlighted the important role SOD plays in the physiology and pathogenicity of bacterial pathogens (Haas & Goebel, 1992) .
To date, however, no attempts have been made to characterize the genes encoding SOD in any Campylobacter spp. or indeed any other microaerophilic bacterium. Previously, SOD activity has been detected in 23 strains of Campylobacter spp. (Kikuchi & Suzuki, 1984) and it has been suggested that C.jejzmi may possess an iron-requiring SOD (Hoffman e t al., 1979a) . To assess the contribution of SOD to the survival of campylobacters in air and during infection we have cloned the genes encoding SOD from Campylobacterjejzlni and C. coli, the most frequently isolated campylobacters associated with diarrhoea1 disease (Griffiths & Park, 1990) . We describe the nucleotide sequence of the genes and their expression in E. coli as enzymically active recombinant proteins.
METHODS
Bacterial strains and plasmids. C. jej,ni NCTC 11351 (Type strain) was purchased from the National Collection of Type 0001 -8745 0 1994 SGM Cultures (Colindale) and C. coli UA585 was a generous gift from D. Taylor (University of Alberta, Edmonton). Escbericbia coli QC1799, (F-Alac4169 rpsL AsodA3 AsodB2 Km') a sodA soa'B double mutant incapable of growth on minimal medium containing methyl viologen, was kindly supplied by D. Touati (Institute Jaques Monod, Paris). The plasmid pTZ19R (Mead et ul., 1986) , used as a general cloning vector, was supplied by Pharmacia. Campylobacters were grown at 37 OC on Mueller-Hinton (MH) agar, under microaerophilic conditions using the recommended gas generating kit (Oxoid). E . cali QC1799 was routinely cultured on LB agar plates (Maniatis et al., 1982) . When necessary, ampicillin was included in growth media at 100 pg ml-I to maintain plasmid selection.
Cloning and DNA analysis. Genomic DNA was isolated from canipylobacters using guanidium thiocyanate (Pitcher et al , 1989) . Plasmid libraries of chromosomal DNA from C. j+tt~i and C. coli were established in dephosphorylated pTZ19R using genomic DNA partially digested with HindIII, as described by Maniatis e t al. (1982) . Following ligation, libraries were used to transform E. coli QC1799 by electroporation as described by Dower et al. (1988) . After transformation, cells were washed three times in sterile f strength Ringers solution before plating.
Transformants were selected by zierobic growth on M9 minimal agar (Maniatis et al., 1982) containing methyl viologen (0.05 pM) and ampicillin (100 pg ml-l) as described by Carlioz & Touati (1 9 86).
Plasmid deletion was carried out using an exonuclease III/mung bean nuclease kit following digestion of p JSODl with KpnI and XbaI (Northumbria Biologicals). A series of nested plasmid deletions, prepared in this manner, was then used to transform E. roli QC1799 to determine the smallest size of DNA insert which conveyed resistance to methyl viologen using thc selection procedure described above.
Nucleotide sequence analysis was carried out by the dideoxj chain termination method (Sanger e t al., 1977) , using a Sequenase version 2.0 kit (USB). Initially, nucleotide sequence was determined from both DNA strands using the M13 universal forward and reverse primer sites and the deletion plasmid pDELl as template. Further oligonucleotide primers of approximately 20 nucleotides were designed according to the sequence information and synthesized using a 391 DNA synthesizer (Applied Biosystems). The sequence of the C. coli sod gene was determined using these same primers. Computer analysis of the sequence data was carried out using the Wisconsin molecular biology software package (Devereux et al., 1984) .
DNA/DNA hybridizations. DNA/DNA hybridizations were carried out using a non-radioactive ECL gene detection kit (Amersham). Chromosomal DNA was restricted using either HindIII or PstI and electrophoresed on a 0.8% agarose gel. After depurination of the DNA, using 250 mM HC1, DNA was transferred to Hybond N + nitrocellulose membranes (Amersham) using an alkali transfer procedure (Maniatis et al., 1982) . A DNA probe, generated using a 666 bp HindIII fragment from pDEL1, was then used to detect homology.
Protein extraction and analysis. Crude cell lysates of E. coli in L-broth or C. jejuni grown microaerophilically on MH agar were prepared from overnight cultures. Harvested cells were washed twice in 0.15 M Tris/HCl, pH 7.0, and resuspended in 0.15 M Tris/HCl, pH 7.0, containing 0.2 mg lysozyme ml-' and 0.1 mM EDTA. Five cycles of freeze thawing, using a combination of liquid N, and 42 "C, were used to lyse the cells. The lysates were then cleared by centrifugation at 20000g for 20 min. Soluble cellular proteins were extracted in the supernatant.
Cell lysates were electrophoresed under both denaturing and non-denaturing conditions (Laemmli, 1970) . Under nondenaturing conditions samples were not boiled and SDS and P-mercaptoethanol were omitted from all buffers. Gels were stained for SOD activity using the method described by Beauchamp & Fridovich (1971) .
RESULTS

Cloning of the sod gene from C. jejuni NCTC 11351
The E. coli strain QC1799 is a sodA sodB double mutant and is, consequently, unable to grow aerobically when cultivated on minimal medium supplemented with methyl viologen (Carlioz & Touati, 1986) . A genomic library of D N A from C. jejzlni NCTC 1 135 1, which consisted of approximately 10 000 independent clones with inserts of approximately 6.0 kb, was constructed in E. coli QC1799.
One transformant capable of growth on minimal media containing methyl viologen was isolated. This clone was found to harbour a plasmid, which contained an insert of approximately 4.5 kb, and was designated p J SOD1 .
Localization of the sod gene in pJSODl
To locate the gene encoding the S O D activity, and to simplify the ensuing nucleotide sequence determination, unidirectional deletions were generated in p J S O D l using exonuclease 111 and mung bean nuclease. The deletion derivatives generated were then used to transform E. coli QC1799 and selection made for the ability to complement the SOD-deficient phenotype of this strain. The smallest plasmid capable of conferring resistance to the toxic effects of methyl viologen retained a 1.2 kb insert of C. jejzlni D N A (data not shown). This plasmid, designated pDELl, was used as template for nucleotide sequence determination.
Nucleotide sequence of the sod gene from C. jejuni
Nucleotide sequence analysis of the D N A insert in pDELl revealed an open reading frame of 660 bp which could encode a potential polypeptide of 220 amino acids ( Fig. 1 ) with a calculated molecular mass of 24804 Da. This corresponds well with the molecular mass of a protein of approximately 23.5 kDa which was detected by denaturing SDS-PAGE in extracts of cells containing pDELl and pJSODl (see later). The nucleotide sequence of the putative C. jejnni sod gene shows 57 YO identity to the E. coli iron-containing S O D and 45 '/O identity to the manganese-containing SOD. A putative ribosome binding site exists 11 bp upstream of the A T G start codon (Gold, 1988) . Putative -10 and -35 sites may also exist 49 bp and 71 bp upstream of the ATG start codon, respectively. These show homology to the consensus sequences predicted by Hawley & McClure (1983) . The G + C content of the coding sequence is 32.6 %, which is ?QdC4AA'TATAATTTTTTATATATATTTAAATTATTATTAAAATATATTATAAATGTATC 60 consistent with the low G + C content of all Campylobacter species (Belland & Trust, 1982) .
Comparison of the putative amino acid sequence of the C. jejzlnz' sod gene product with previously characterized sequences revealed 71 % and 60 O/ O identity with the E. coli iron-dependent SOD and manganese-dependent SOD (Fig. 2) respectively. Furthermore, comparison of the putative amino acid sequence with the iron and manganese classes of SOD, as described by Parker & Blake (1988), points to the cloned SOD having iron as its metal cofactor. The amino acid sequences of the cloned SOD gene matches the expected amino acid residue at four of the five primary determinants and 13 of the 17 secondary determinant residues predicted for iron containing SODs (Table 1) .
Sequence analysis of the C. coli sod gene
To compare the gene encoding SOD from C.jejzlni with that from another species of Campylobacter, the sod gene from C. coli UA585 was cloned in an analogous manner (data not shown). Nucleotide sequence analysis revealed a 660 bp open reading frame which could encode a polypeptide 220 amino acids long (Fig. 2) . The nucleotide sequence of the open reading frame showed 92 % identity with that from C.jejzmi (Fig. 3) , whilst the putative amino acid sequence of the gene product showed 97% identity with that of C.j,jzmi (Fig. 2) . In addition, the amino acid residues used to classify the C.jejmi enzyme as an FeSOD (Parker & Blake, 1988) were entirely conserved in the C. coli gene product (data not shown).
WTWLVKN-S-DGKLAIVSTSNAGTPLTTDA------TPLLTVDFWE C. je juni WFWLVYNTKNQ-KLEFVGTSNAATPNTED------KVPLLVVDVWE C. coli WFWLVYNTKNQ-KLEFVGTSNAATPITED------KVPLLVVDVWE
Expression and electrophoretic analysis of the cloned C. jejuni sod
The orientation of the cloned open reading frame which encodes the SOD from C. jejzlni in the vector would allow its transcription to be directed by the lacZ promoter of pTZ19. However, high levels of sod expression were observed in the absence of IPTG (data not shown) and it is possible that transcription of SOD is dependent on the recognition of a Campylobacter sequence as a promoter by the E. coli host. We cannot, however, exclude the possibility that expression of sod is occurring from the lac promoter following titration of the repressor molecule. When cell lysates from E. coli QC1799 harbouring pJSODl or pDELl were analysed by SDS-PAGE electrophoresis, a major band at 23.5 kDa was seen in both, but not in lysates from cells which had contained the plasmid, pTZ19R (Fig. 4) . This corresponds well to the expected molecular mass of SOD (24.8 kDa) and suggests that the integrity of the open reading frame for SOD was retained in the deletion derivative pDELl. When the equivalent cell lysates were analysed by non-denaturing PAGE and stained specifically, it was apparent that presence of SOD activity in the sodA sodB mutant of E. coli was dependent on the presence of pJSODl and 
DNA/DNA hybridizations
To confirm the presence of the sod gene in the genome of C. coli and C.jejuni, and to determine its copy number. a portion of the cloned C.jejzmi sod gene (a 0.67 kb Hind111 fragment) was labelled and hybridized to digested chromosomal DNA from Campjlobacter (Fig. 6 ). This probe hybridized to a single Hind111 fragment of 0.67 kb in both species and to 11.5 kb and 9.3 kb PstI fragments in C. jejzini and C. coli, respectively. Since the probe 
DISCUSSION
SOD is common to most aerobic organisms and has been implicated in the survival of bacteria under aerobic conditions (Fridovich, 1986; Carlioz & Touati, 1986 was also used as a target.
SODS cloned from both C.jejmZ. and C. coli indicate that 17 out of 22 determinant residues are the same as for FeSODs. It is likely, therefore, that iron is the metal cofactor for both enzymes. Moreover, since no obvious band of MnSOD activity was observed when cell lysates were examined by non-denaturing electrophoresis it is possible that the iron-type enzyme is the only SOD possessed by these strains of Campylobacter. However, we cannot exclude the possibility that these strains contain an inducible MnSOD which is not expressed under the microaerophilic conditions used to culture the cells. The FeSOD of C. jejzini was present in four electromorphic forms when analysed under non-denaturing conditions. Equivalent forms of S O D were also present in lysates of E. coli containing the recombinant SOD. The simplest explanation for these bands of different mobility is that they represent multimeric forms of the protein containing one, two, three and four subunits. This is consistent with observations made with the S O D from other thermophilic bacteria (Fridovich, 1986) and mycobacterial species (Zhang e t al., 1991) which form trimers and tetramers.
Given the microaerophilic nature of Campylobacter spp., the survival of these organisms under conditions of oxidative stress must be profoundly influenced by the presence of cellular mechanisms which can eliminate reactive oxygen intermediates. As SOD is part of the defence mechanism which protects cells from oxidative stress (Fridovich, 1986) it is likely to play a crucial role in the survival of campylobacters in aerobic environments in which reactive oxygen intermediates are generated. For example, the inclusion of bovine SOD in the growth medium greatly enhances the oxygen tolerance of C.je,;Zni (Hoffman, 1979b) and it has been suggested that the aerotolerance in Campjlobacter spp. increases with elevated SOD activity (Kikuchi & Suzuki, 1984) . Having characterized the genes encoding this enzyme we are now in a position to generate isogenic mutants deficient in SOD by gene replacement (Labigne-Roussel e t al., 1988) so that the role of SOD in the physiology and virulence of this group of clinically important pathogens can be investigated.
